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grant supported all research involving lunar samples at the 
Center for Radiophysics and Space Research at Cornell University. 

The principal research topics were: 

1. Optical properties of surface and core samples 

2. Chemical composition of the surface layers of lunar 

grains: Auger electron spectroscopy of lunar soil and 

ground rock samples 

3. High frequency electrical properties of lunar soil and rock 
samples and their relevance for the interpretation of lunar 
radar observations 

4. The electrostatic dust transport process 

5. Secondary electron emission characteristics of lunar soil 
samples and their relevance to the dust transportation 
process 

6. Grain size distribution in surface soil and core samples 

7. The optical and chemical effects of simulated solar wind 
(2keV proton and i particle radiation) on lunar material 


All these topics constituted separate but often interrelated 
experimental research efforts. Some experimental methods and 
apparatus had been developed while investigating relevant properties 
of terrestrial material in anticipation of the accessibility of 
lunar samples. Others, such as the apparatus used for the chemical 
determinations, grain size analysis and for the electrostatic dust 
transport process were built under this grant and the methods 
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involved were conceived in this program. 

We consider that the major contributions resulting from our 
investigations of the various physical and chemical properties of 
lunar material are: 

(a) The first and most extensive set of data to date on the 
surface chemical (major element) composition of lunar soil 
and rock samples, including a number of core samples, 
determined by Auger electron spectroscopy and verified by 
ESCA. 

(b) The observation of an iron-enriched layer on the surface 
of soil grains and the establishment of a relationship 
between surface iron concentration and albedo. 

(c) Experimental demonstration of the ability of simulated 
solar wind to produce both the surface iron enrichment 
of the grains and (most likely as a consequence) the 
carkening of rock powders to the albedo of the soil. 

(d) Determination of high frequency electrical properties 
(dielectric constant and power loss) of numerous rock and 
soil samples, in the latter as a function of density. 

The samples constituted a representative set which in- 
cluded material from every Apollo mission. A relationship 
of power absorption and iron concentration in the samples 
was shown, but more significantly from the range of power 
absorbency measured in soil samples and with the help of 
available radar information important conclusions were 
drawn concerning the physical make-up of the subsurface 
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of the Moon. 

(e) Experimental demonstration of the electrostatic dust 
transportation process and observation of the different 
topographic phenoamna created by such a process. Results 
of the measurement of the first crossover voltage (bom- 
barding electron potential at which the number of elec- 
trons hitting a surface area is equal to the nuafcer of 
electrons emitted by it) for surface soil samples and core 
samples gave support to the supposition that layers of 
different soils might be deposited by an electrostatic 
transport process without being mixed due to differences 
in the secondary electron emission properties of these 
soils and their consequent "resistance” to mix under 
electron bombardment. 

The following papers were published under this grant (an 
abstract is shown along with the title of each) : 
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Grain sfae analysis, optical reflectivity measurements, and 
determination of high-frequency electrical properties 
for Apollo 14 lunar samples 

T. Goto. E. Bilson, and M. Yerblry 

Comct for lUdiophysics and Space Research. 

Cornell University, Ithaca, New York 14*50 


Akeerar* The panicle vat distribution is measured for the Apollo 14 bulk and contingency fines as 
*c0 as for two subsamples from the 14230 core sample. Among these samples there seems to be no 
significant variation in gram sot distribution. Reflectivity measurements on lunar fines from different 
Apouo mm tom show that their albedo decrease significantly after being subjected to a dose of 
proton bombardment which would be equivalent to approximately 1.3 * 10* years of solar wind. 
Results of diekctnc constant and power absorption length measurements are reported for Apollo 14 
fines and an Apollo 14 rock sample. A strikingly long absorption length IS wavelengths is observed 
for the rock sampie U3I0.16I at 450 MHz. 


Grain Size Analysis and High Frequency Electrical Properties of 

Apollo 15 and 16 Samples 

T. Gold, E. Bilson, and M. Yerbury 

Center for Radiophysics and Space Research 
Cornell University, Ithaca, New York 14853 


ABSTRACT: The particle size distribution was measured for Apollo 

15 and 16 surface fines from various locations and for 11 Apollo 
15 deep drill core samples from different depths below the surface. 
Significant differences are observed in the size distributions 


determined in core samples originating from layers a few cm apart. 

The relevance of this finding to the deposition process of soil 
layers is discussed. The dielectric constant and the power absorp- 
tion length were determined for eight soil samples and three 
reck samples of the Apollo 15 and 16 missions at 450 MHz frequence 
Strikingly low absorption is observed in rock samples 15597 and 60017, 
and a generally lower absorption was measured in all Apollo 15 

*1*4 16 samples than for earlier Apollo samples. 

?rcc. 't* lunar Sci. Cenf., "oochim. i ~tsncchim. Acta 3, 3093- 
p er ;aron , 1?*3 
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The 


Moon * °7 N ! J 293-3 o“ A f& L 7 ™ E EV ° LLT,0N OF THE N,OO V 


T. GOLD 

Center for Radiopkyua and Space Research. Cornell Urn*.. hhacm. MY.. US. A. 
(Received 23 November. 1972) 


Abmct. The principal questions about the derivation of the lunar surface have not yet been settled: 
is u the surface left over from the process of accumulation of the Moon, or is it a surface generate d 
b)r nwjmatic processes on the Moon and subsequently altered by further mfall from outside* The 
evidence derived from many sources now favors the former. Setsnuc data suggest an absence of 
bedrock down to a depth of several kilometers, and instead a compacted powder only. The mascon* 
evidence can be understood as a consequence of major impacts m a deep porous layer The gnat 
abundance of cosmic ray tracks in moat soil samples demands a much greater cosmic ray 
present rates would cause in the age of the Moon, unless the dust represented infallcn material nr*, 
vtously irradiated. The nuclear age. since freezing, of the dust is greater than that of the r ocks found 
The chemical com position of the dus: is not the same as of the rocks. Sirct layering of the dust has 
be«i seen, implying some process other than metcontic impacts for its generation and deposition 
These and other effects found can be understood in the frame-work of a cold accumutetiondcscrtp- 
uon. in which the surface layers represent the last addition of metcorinc mfall of a basaltic matenaJ 

p ,K t WHh th *j >rw f ni achomlnies. The possible relation of this matemJ 

to oceanic basalt on Earth is mentioned. 






SPUTTERING AND DARKENING OF THE GRAINS ON THE 

LUNAR SURFACE 

rhoton and Particle Interactions with Surfaces in Soace -a i 

«7-560, D. Baidal Publ., Dordrecht, 1973 P ' " 

T. COLD 

Ctnttr for Radiophysics and Space Research. Cornett Vmsenuy. hhaca. S }'. 14S50. L S-A. 


Abstract. Sputtering experiments have been carried out in the lunar laboratory at Cornell i first by 
B. Haphe) since 1964. These have shown that solar wmd exposure will lead to the deposition of a 
dark layer on grams of most rocks. The nature of this layer is not yet known with certainty, but it is 
thought to be chiefly due to reduced metals. This confirms the supposition, first put forward in 1955, 
that the albedo of any part of the lunar surface is dependent on the length of ume for which it has 
been exposed. This albedo effect is likely to dominate over effects due to regional chemical differences. 
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Optical properties of the Apollo 15 deep core samples 

T. Gold. E. Bnison. and R. L. Bw«on 

Ccnrar for RaJiophyitcs *«d Space Research. Space Science* BuiWmg. Comei! L nivcntiy 

Ithaca. New York UgJO 


%b*«e»-The vanatiom of »lb*do ot^erved it different leptht « , cart -t.be .how »imo« a» art* a 
rang* os occurs on ih« surface over -he entire moo* Different reg-o«» m the cart tub* are ven <harpty 
'cparaied .rotn each xher. Jemon.trat.ng that 'title mumg had taken place <n the Jepovtto* r roceit 
or subsequently A pomble .-orrelatton between ubedo and coimic rav espovur* .$ noted. 
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Observation of iron-rich coating on lunar grains and a 
relation to low albedo 

T. Gold. E. Bilson. and R. L. Baron 

Center for Radiopby *i«* *ml Since Research. Space Science* Budding. 

Cornell Umvenry. Ithaca. New York 1450 

abstract— The outemotl few atomic layer* of lunar »o«l vunptes were studied by Auger tpectrotcopy 
«nd were found to contain in each cate i»o to three timet more iron than the mean bulk composition of 
the sample The amount of etceti iron it found to he closely correlated with the optical afoedo it the 
manner that would be theoretically expected if the iron provided absorption centers. Crushed lunar 
rocks of similar mean composition, but lacking the extra iron coating of the toil grams, have a 
higher albedo than most lunar toils sampled or observed on the lunar surface. 


LUNAR SCIENCE VI, Lunar Science Institute, Houston, Texas (1975) 

EXTRALUNAR ORIGIN OF THE LUNAR SOIL. T. Gold, Csr.tsr for Radio- 
physics & Space Research, Cornell Univ. , Ithaca, N.Y. 14850 

The possibility that the lunar surface represents merely the last stages 
of the accretion process that formed the Moon has not received much atten- 
tion (1,2,3). Yet, this is clearly a question of overriding importance to 
the entire lunar investigation program. 

Very strong evidence concerning the lunar soil, such as its exposure 
record, its state of deposition, as well as radar and seismic evider.ce7 '“how* 
appears to us to make the case that the surface material fell in more or 
less in its present fora, rather than that it is the consequence of meteori- 
tic grinding of a lunar endogenic crust. Further evidence concerning the 
Apollo 17 orange soil, the masccns and their absence on the back, and the 
many indications of surface denudation and deposition all speak for infall 
and surface transportation processes as having been the dominant effects. 
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Auger analysis of the lunar soil: 

Study of processes which change the surface chemistry and albedo 

T. Gold. E. Bilson and R. L. Baron 
Center for Rad*oph> «ci Space Research. 

Space Sciences Building. Cornell University. Ithaca. York :**53 


\h%iract— The chemical composition of the outermoM atomic aver* of :h»riecn ^amiMev And 
V* '©ck kampei from all Apollo vie* *a% studied bv Au*er electron spectroscopy Ml *o«l wmrte^ _ 
«ho«ed 4 Urge increase m the ron-to-ov. gen ratio » and thereby of :he surface concentration df ironi 
compared *nh sample* of crushed me k or * th 'evuit* of the Njik chemrcai anaiyvi* The 
correlation betw ee n the a mount of th« enhanced iron and the albedo of %ot\ vamp tea. reported earlier 
*v uv no» greatlv lengthened. and *ho** the functional defendence expected from a Wtdalnm 
of absorption * enter* that jv proportional to ’he surface >rc*n content 

Cmvhed unar rock sample* evpmed to l keV protons that omu’ate *olaf.nind rvtsnure Uw 
t.p)0-HinR>f e**ibn both an increase of *be *urf ace :r*m and a .o*er>ng *f ‘•'e a.beJ*' that make* the** 
*e*embte cWtv :he ‘unjr w< ti n w oth re^re^tv * hue a sanct' '< surface "■vd^cat vn e*ect* ma* 
hj\e been r evert t irrcafv 'hat jn jdeau-te ..runon 'or *he 054 »>eJci of ’he -%*on i*J ’be 
^nefbKai surface profc.t:** *he *oii *.in r* ' 'und -n *b.e e*:tve Jenet.on v'f "get ird other 
*.#•»*# e**r**nf«* ».snr k-**d %mjt:<nnc 
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Electrical properties of Apollo 17 
rock and soil samples and a summary 
of the electrical properties of 
lunar material at 450 MHz frequency 


T Gold, E. Bilsom. and R. L. Baron 


C«tt«r foe Radtophyxict end Space Research. Space Socacct 
Cornell Unucrmy. Ithaca. Sr» York 14*53 


Abstract— The dielectric constant and the soilage al-sorption length nt measured for four ApoRo 1? 

* 4 7? 5061 ■** d >?0n ** f< * mo 'P 0 * 10 >* Wk tempi** i *4)15 and *41351 

a» 4» MHi frequency The dielectnc constant and absorption <ength measurements made on all w 
•unar templet are fattened and relaud to the -rant it ion eimrat concentration m there templet The 
significance of the leeoreiory measurements- for radar ohtertaUxM it discussed. 
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The surface chemical composition of lunar samples 
and its significance for optical properties 


T. Gold. E. Bilson, end R. L. Baron 


Center for Radwphvsics and Space Research. Space Science Bu.’J.ng. Cornell Imserutv Ithaca. 

Sen York 14*53 


Abstract— T>e surface roa. titanium. calcium, ind tiKcon concentration m numerous iunar ton and 
rock samples n»» determine Sv A«*«, electron spectroscopy At reported prex.ou.ly all tod tenpin 

* * J'** L’*'***? " l* ,r ° n W °' ytn ra, *° *** d :hcrtb ' d <*• '“rface concentration of iron I 
; J *‘ ,h of h *«h retultt of their hulk chemical analysi* The turf ace 

..tan mm concentration of the to-l it alto significantly tncreated »t the Silk concentration nhereat the 
surface caic, urn and silicon concentration ,t nor stgmficantly different from the hulk concentration m 
•new ikcmcnu. 

' wUr " ,n<1 '‘ rnu '“ K> " *'P«n»nent ut.n* I k«V energy e-pirticies showed that an ion dote 
corresponds to approx, mat«i> W.OOO >, of tolar wind increased the iron concentrate on the twfac, 
»f the ptd.ertced Apollo 14 rock ample. 14310 ro the concentration matured in -he Apollo 14 tod 
•J->1P e t.A3 cno t*,e 4>rdo f he piiuenped •'<* decreased f.-cm j -a ,> j- 

' TP "* J 0 ,!ul ' f • va! ,f rh« anar uni •» seen to St closeix tn 

s A» h* sorf.^e .v»fK«M:4iK>fi 'f rsn *ro ‘iur:um z% **h Auftr methods \ wnar 

-ml > putter >e:wtion -nec.\.mm .* J.tcatted a, » r aute 'or msft he surface chemical and 

optical -roperttex if -e ,o« ” 
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Chemical and optical properties at the Apollo 15 and It sites 


T. Gold. E. Biuon. and R. L. Bason 

Cmar for fediopkyuc* and Space Rmoarck. Sf*« Science* S w l faj . Corn** I'MverMy. 

hkM. S«w York 1 4853 


M. Z. Au and W. D. Ehmann 

Dt^artMW of CWraotry. Uancrvcy of Kentucky. Uxtufton. Kentucky 4050k 

tbnmcf TW Mk irhrMictl c oo y t i ii i w , tk tvfKt rWncal roBctontw of four ntjor e*e~ 
m * m *'* m4 ^ W* 1 •«« « COO* uoplBi , from two tint a*f fro* foor 

Jiffefooi kptk Moo tW Mor wrfact. aaf also for sorfaco tod iB—pIti frooi tW idmty of tbt 
**** M coroa. TW ckaical c ofpuu b ou of iW con \smp lot seat food to bo Yml 
to tWi of tW surface samples frooi tW tan* urn. aod tW comWioo of tW afttdo Mb tW tovfaco 
****** cooao at that Mt pre%wotiy beca detaomtrated for tM tovfaco lrptn mat alto 

toriiod for tW coco t Mpbt A tod layer near tW bottoo of :W Apollo 15 doc p dnfl core mat found 
to bo Mutual to two retpeett: tW (Turn surface and tW bulk cWnucai coApotmoM mere found to bo 
woro t radar than it usual, and tW albedo mat exceptionally tefk. though vtifl ody O k of the albedo 
of crushed ruck of tuniftar cou pewnpL 

TW MchaaM of darkening of lunar tod ts dtwutted m tW light of these obtervanoa*. 
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Electrical properties at 450 MHz off Apollo 15 
8 and 16 deep drill core samples and surface 

• soil samples at the same site 

-h 

T. Gold. E. Bilsok. end R. L. Baron 

Cmtrr for (Udtopfe>%ic» and Space Reiearcfc. Spec* Scmctt Budding. 

Cornell l'nn«n«y. Ithaca. N*» Yoct 14)3 

AkMTM*— T>c dielectric CMUIM and tk* vohapt tbwpiM 'rnfth »«r* nntmd for ApoNo IS aad 
L I* deep cor* sample* M 4J0 MHx frequency. Tk* imasund «rkn are comp* r* d to tkor* obt anted 

for urfac* tol i ample* frooi tk* hm mttt ion, 

Tk* a »*oefr*nci«» im tk* cor* i imptn ««r* found to k* to tk* tM* raopc as tkoso of (ko turf ac* 
vMoptr*. Tko Modem* of tk*s« r*suks for radar ofc*«r\auem is dtsewsod. 

Pkti. Trent. A *r. Land, A 285, 41 "" [IBTT) [ 427 ] 
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The relationship of surface chemistry and albedo of lunar soil samples 


By T. Gold, F.R.S., E. Bilsox and R. L. Baron 
Center far Rodiop.tyna and Space Research , Cornell University 
Ithaca, Sew York 14853, USJi. 


A relation between the albedo and the surface iron concentration determined by 
Auger electron spectroscopy of lunar soil samoies is described. The e/Tect of solar wind 
sputtering on the surface "chemistry and albedo of the soil is discussed. 
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^Oftte Search For the Cause of the Low Albedo of The Moon 

* .aN 

T Gou>. E. Bilsov and R. L. Ba*o* 

Cmt+ y* K<J+*f*\ucs jmg Steer Mts+mrc* Comrii Lmcrrwi !:*** \r» Y*r* 144* J 


TV effect* of different *cjiMrrnf ?rocei*ct on M alVd© of :V !w««r wruct co^cr r% j **ca»»ed TV 
surface cVm*cat k j«povtiO« of name to** lunar tow and X»'cm«d ?oc* «i«wo determined b* 
iwfer electron %vctroteo 0 * TV or^cai albedo of •*«»€ a»*o -vawrtd TV .*nem#c*i 

^xtfuitiM of roA 4 AC : tantuin t frcaier or :fte twrface of wii a * or be M*rt«*c oi 

crutftcd roc* amfi«s wuii v.Vr *uik compottno*. *^crtu :V JtVdo of sou tamr*et * J *r :ha« trji 
of : be crvsAcd tuApict 4 correct*** * pretexted between * V ^*rtict ror • rtar um content and 

tbe iihtdo R eta its of vo^ar *utd wJnuieuon n rcnwti u tho* ’Hoi mdxai~c« of jrutned u*ar f oc* 
*a-np*«t »*tli a u^*:; corretjtondiiif to 3000 van of tour w»*d> of 2-*c* r«crf> rroiort barfed 
t.V tur'ac* cnemtin o*‘ V -oca to tfui of t V tot* A *»uc* afftr do* of !*rocors xe*r*tW'&*$ o 
X) XX) scan of «oUr «<n4i «at 'ccdco to darken crutVd 'oc* to tv aibedo of tv to«i o; wmuur -*wk 
*ncn*cai zomvouuom TV -nec^.amsin of darkenmf b% »our *i«0 *t 0 : teat sod. and u effect met* *t 
compared o that of xber dartentaf rroctuM 
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THE SURFACE COMPOSITION OF LINAR SOIL GRAINS A COMPARISON OF THE RESULTS 
OF ALGER AND X-RAY PIIOTOELECTRON i ESC A » SPECTROSCOPY 

RL BARON E BILSON. T GOLD 

Cztic 'o* uet a»*c Snef R%ws*cr C **nal l ;.>j« N v • l . t i ' S * 
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LSC\ >cer:a ^ : wnar wii and .ratbeu roct w.*r.r»et are ; ^rarru \j rrcs .. n*a:red \a^cr *^c.* 

TV ESCA data .vnfim tnetrcrcaie ;f .^n^-.vat-on *r *e ->•* air.rtes - 

fe n’:nt. -rJ »rr >n^\ nirrcrt *V .-Mtreiwc avert >n *V ’* j«*f ^'ii ;*urt 4 ;t 

. rr! ^ ^ one *1 %hu*h * >n V Fe rate TVv^.iM ■f*tt F5fk fiv-itum -r *ne wr 
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50LAE .^C EFFECTS Oft nil SlVAd OUHlSTW OF L^U SXA^IS 

Silnon 

C«ac«r for ftadlopfcyslc* & S^t las* area, Co rail Talverslcy. IthM, ».T. l-«53 


Abstract . Surface tqhMccantf of Irsa and 
'wgnesi— In crv stain fro* lunar rock and toll 
sanple* how* boon neasured by loo nl crop rob— 
and worn attributed to tolar wind implantation 
of th«M «l*a*nt*. la thin paper it in shown 
that th**e turfaco ithascotau and it particu- 
lar the Fe/Xg surface coocoocrotloo ration coo 
also bo explained as result In* fro* eh* sputter 
action of solar ulad protons and Ho ;ans. Far- 
thernor*. sine* these Ions ar* con thousand 
tine* more soundest ;a th* solar wind than ions 
of th* elements -r ilch principally constitute the 
l«-nar grains, calculations da sera t rat* that 
sputtering by protons and 3* loan aov*s ap- 
proximately a hundred tines acre Xg aeons, for 
example, than th* r.utbsr of solar wind ions 
striking th* surface. Ion : "plantati - 1 u un- 
likely , thus, to haw a dominant effect on the 
major element composition of the su* ; *ce of 
lunar grain*. 


ORIGIN AC f*G* N 

(W Itx* QUAUT .! 


r 


